Background: Left atrial (LA) size is related to cardiovascular morbidity and mortality. Cardiovascular magnetic resonance (CMR) provides high quality images of the left atrium with high temporal resolution steady state free precession (SSFP) cine sequences. We used SSFP cines to define normal ranges for LA volumes and dimensions relative to gender, age and body surface area (BSA), and examine the relative value of 2D atrial imaging techniques in patients. For definition of normal ranges of LA volume we studied 120 healthy subjects after careful exclusion of cardiovascular abnormality (60 men, 60 women; 20 subjects per age decile from 20 to 80 years). Data were generated from 3-dimensional modeling, including tracking of the atrioventricular ring motion and time-volume curves analysis. For definition of the best 2D images-derived predictors of LA enlargement, we studied 120 patients (60 men, 60 women; age range 20 to 80 years) with a clinical indication for CMR. Results: In the healthy subjects, age was associated with LA 4-chamber transverse and 3-chamber anteroposterior diameters, but not with LA volume. Gender was an independent predictor of most absolute LA dimensions and volume, but following normalization to BSA, some associations became non-significant. CMR normal ranges were modeled and are tabled for clinical use with normalization, where appropriate, for BSA and gender and display of parameter variation with age. The best 2D predictors of LA volume were the 2-chamber area and 3-chamber area (both r = 0.90, p < 0.001). Conclusions: These CMR data show that LA dimensions and volume in healthy, individuals vary significantly by BSA, with lesser effects of age and gender.
Background
Left atrial (LA) size represents the integration of LV diastolic performance over time and is considered a reliable indicator of the duration and severity of diastolic dysfunction [1] , regardless of whatever loading conditions are present at the time of the examination. It provides significant prognostic information both in the general population and in patients with heart disease including heart failure [2] [3] [4] , acute myocardial infarction [5] [6] [7] [8] , cardiomyopathy [9, 10] , and mitral regurgitation [11] . LA enlargement is commonly found in hypertensive heart disease [12, 13] and it is a risk factor for atrial fibrillation and stroke, especially in men [14, 15] , and for atrial fibrillation recurrence following therapy [16, 17] . In the clinical setting, LA diameters and areas are usually measured, though LA volume is a more robust marker of cardiovascular events [18] . Cardiovascular magnetic resonance (CMR) has been applied for the measurement of left and right ventricular volumes, systolic function and mass for many years in the clinical arena, with standardized methods of short axis multi-slice acquisition [19] . The excellent accuracy and reproducibility of CMR is well established [20] , making it a gold standard technique for measurement of ventricular dimensions and function, for which reference ranges have been established from the Steady State Free Precession (SSFP) technique [21, 22] . SSFP yields excellent blood-endocardium and epicardium-fat contrast, higher acquisition speed, and the ability to greatly improve the temporal resolution of the cines without loss of image quality [23] . However, atrial dimensions have not been extensively studied with CMR, and there is limited data on the influences of age, gender and body surface area (BSA) on atrial dimensions. Therefore, the aim of this study was to establish SSFP based reference values in normal subjects for LA dimensions normalized, when necessary, for independent influences such as gender, body surface area and age. It was also our aim to determine the best predictors of LA enlargement among 1D and 2D parameters. Finally, we produced an equation for simplified estimation of LA volume from LA diameters and areas easily obtained in a clinical setting.
Methods

Patients
For definition of normal ranges of LA dimensions we studied 120 subjects, with 10 men and 10 women in each of 6 age deciles from 20 to 80 years, these subjects having been reported elsewhere in a study of ventricular volumes [21] in which, importantly, their diastolic filling parameters by filling rate were shown to be normal. All subjects were normotensive (hypertension defined as systolic blood pressure ≥ 140 mmHg and/or diastolic blood pressure ≥ 90 mmHg), completely asymptomatic, with no known risk factors or history of cardiac disease, and normal physical examination and electrocardiogram (ECG). Also measured were the height, weight, blood pressure, total cholesterol, HDL and B-natriuretic peptide. BSA was calculated according to the Mosteller formula [24] . With this information, the coronary artery disease risk over 10 years was calculated [25] . BNP levels were 2.5 ± 2.1 pg/mL (range 0.5 -12.0), and all were in the normal range (<100 pg/mL) [26] . Therefore, as far as it was possible to ascertain with conventional noninvasive techniques, all the apparently healthy subjects had a normal cardiovascular system. The baseline characteristics of these healthy subjects have been published elsewhere [21] . For definition of the best 2D images-derived predictors of LA enlargement, a group of 120 patients (60 men and 60 women) who were referred to CMR for clinical reasons, and who agreed to participate in the study, were also studied. The main reasons for referral to CMR are summarized in table 1. The study was approved by the institutional ethics committee, and all subjects gave written informed consent.
CMR CMR was performed with 1.5T scanners (Siemens Sonata and Avanto) using front and back surface coils and retrospective ECG triggering for capture of the entire cardiac cycle including diastole. All CMR scans were acquired by the same operator. SSFP end-expiratory breath-hold cines were acquired in the 2, 4 and 3 chamber views, with subsequent contiguous short-axis cines from the atrioventricular (AV) ring to the base of the atria. Slice thickness was 5 mm with no gap between slices. The temporal resolution was 21 ± 1 ms. Sequence parameters included repetition time/echo time of 3.2/1.6 ms, inplane pixel size of 2.1 × 1.3 mm, flip angle 60°, and acquisition time of typically 18 heartbeats.
CMR analysis
Analysis was performed with a personal computer and semi-automated software (CMRTools, Cardiovascular Imaging Solutions, London, UK). In all subjects (healthy controls and patients) LA maximum volume was measured as well as end-systolic diameters and areas. Atrial volume analysis included 2 steps: First, delineation of the atrial endocardial borders, including atrial appendage, in all planes in all cardiac phases. Second, the systolic descent and twist of the mitral valve was calculated from tracking of the valve motion on the long axis cines, and used to correct for increase in atrial volume due to AV ring descent ( figure 1 ). In the analysis we included the atrial appendage and excluded the pulmonary veins. All atrial parameters derived from 2D images were measured in the end-systolic phases of the corresponding cine sequences in order to obtain maximum diameters and areas. LA areas were planimetered in the 4 chamber view, 2 chamber view and in the 3 chamber view or LVOT view. Longitudinal and transverse diameters were measured in the 4 and 2 chamber views. LA anteroposterior diameter was also measured in the 3 chamber view (figure 2).
Statistical analysis
All atrial parameters were found to satisfy a normal distribution using the Kolmogorov-Smirnov test and summary data for these variables are therefore presented as mean ± SD. The interobserver variability was measured in a subset of 20 subjects for all variables. Simple linear regression was used to model the data and to construct reference ranges as mean and 95% confidence intervals.
Two-way ANOVA was used to analyze variations in parameters due to age and gender. P values < 0.05 were considered significant. In the patient group correlations of 1D and 2D parameters with LA volume were assessed with the Pearson's coefficient. Logistic regression analysis was used to define the best predictors of LA enlargement among 1D and 2D parameters. Linear regression analysis was used to predict LA volume.
Results
Baseline characteristics and summary results Parameters that showed differences with age are also depicted, with age breakdown, in table 3. The interobserver variability was 2.9% and 3.2% for longitudinal diameters in the 2 and 4 chamber views, 3.4% and 3.8% for transverse diameters in the 2 and 4 chamber views, 3.5% for the anteroposterior diameter, 4.4%, 4.7% and 3.9% for areas in the 2, 4 and 3 chamber views and 5.7% for LA volume.
Influence of body surface area on atrial parameters
BSA was significantly higher in males than in females (p < 0.001). On multivariate analysis, BSA was found to have significant independent influence on all LA parameters except for the longitudinal and transverse diameters in the 4-chamber view.
Influence of age on atrial parameters
No significant increase in LA volume with age was observed. On univariable analysis there was a significant decrease in absolute and normalized transverse diameters (measured in the 2-chamber view) (p = 0.038, p = 0.008, respectively), and in absolute and normalized anteroposterior diameters (both p < 0.001) with increasing age. On multivariable analysis, age was an independent predictor of absolute and normalized transverse diameters (measured in the 2-chamber view) (p = 0.022 and p = 0.004, respectively) and of absolute and normalized anteroposterior diameters and areas (measured in the 3-chamber view) (diameters p = 0.001 and p = 0.001, areas p = 0.005 and p = 0.006). Age was not an independent predictor of LA volume. Variables with significant differences according to age in the multivariable analysis are depicted with age breakdown in table 3.
Influence of gender on atrial parameters
All absolute LA volume, diameters and areas were significantly larger in males (all p < 0.05) except transverse diameters (2-chamber and 4-chamber views) and anteroposterior diameter, which did not show significant differences. When parameters were normalized to BSA, only longitudinal (4-chamber view), transverse (2 and 4-chamber views) and anteroposterior diameters showed differences, being all of them higher in females (all p < 0.01). On multivariable analysis, gender had significant independent influence on absolute longitudinal diameters (2-chamber and 4-chamber), areas (2-chamber, 3-chamber, 4-chamber views) and volume, and on normalized longitudinal (4-chamber), transverse (2-chamber and 4-chamber) and anteroposterior diameters and area (4-chamber view) (all p < 0.01). Table 1 also depicts the baseline characteristics of the patient group. As expected, in the patient group atrial volumes showed a significant dispersion. Thus, LA volume index (LAVi) ranged from 20 to 218 mL/m 2 (mean ± SD = 63 ± 39 mL/m 2 ). According to our own normal reference values reported in table 2, 70 patients (38 males, 32 females) had LA enlargement (LAVi >53 mL/m 2 ). We aimed to determine the best independent predictors of LA enlargement, for which multivariable logistic regression analysis with forward selection was performed for normalized 1D and 2D parameters. In order to simplify the results, these parameters were included as categorical dichotomous variables (above or below the upper limit of normal for all subjects for each parameter). This analysis showed that the best predictors of LA enlargement were normalized area and normalized transverse diameter in the 4-chamber view (normalized area: RR = 2.22, p = 0.001, 95%CI = 1.60, 3.09; normalized transverse diameter: RR = 1.23, p = 0.023, 95%CI = 1.03, 1.47) (table 4).
Predictors of atrial enlargement
Estimation of LA volume from 2D based dimensions in the patient group All 1D and 2D parameters correlated significantly with LA volume. The best correlations were found for areas measured in the 2-chamber (r = 0.90, p < 0.001) and 3-chamber views (r = 0.90, p < 0.001) ( Table 5 ). Finally, linear regression analysis was used to estimate LA volume ( AP -anteroposterior; 4ch -4-chamber view; 2ch -2-chamber view; 3ch -3 chamber view; BSA -body surface area; SD -standard deviation. Where LAV is LA volume (mL), A3 is area in the three-chamber view, A4 is area in the four-chamber view (both in cm2), TD2 is transverse diameter in the two-chamber view, TD4 is transverse diameter in the four-chamber view and APD is anteroposterior diameter (all in cm).
This method was compared with the traditional echocardiography derived area-length and prolate ellipse equations [27] . Correlation coefficients with real LA volume were r = 0.91 for the prolate ellipse method, r = 0.88 for the area-length method and r = 0.92 for our method (figure 3). The three methods underestimated real volume, with a mean difference of 50 ± 32 mL for the prolate ellipse method, 22 ± 30 mL for the arealength method and 17 ± 16 mL for our method.
Discussion
This current study provides normal reference ranges for atrial dimensions using modern CMR acquisition techniques and analysis for a healthy population which has been very well characterized for the absence of hypertension, significant coronary disease and heart failure. CMR is now considered a gold standard clinical technique to measure atrial and ventricular volumes and function, so these data have significant clinical utility. The tables of results include all 1D and 2D parameters as well as LA volume and are divided into males/females or all subjects, and in age deciles, when appropriate, or all ages, in order to have applicability for comparison with any other future research data set. For all ages and genders, a volume of 102 mL (53 mL/m2) was obtained as the upper limit of normality. With regard to areas, the upper limits of normality were 28 cm 2 ( addressed LA dimensions with spin-echo sequences that are not comparable with the current steady state free precession sequences that we used. Hudsmith et al [28] , using the biplane area-length method, established values of volume similar to ours, 97 ± 27 mL for all subjects, 103 ± 30 mL for males and 89 ± 21 mL for females, with differences probably due to the need for geometric assumptions with that method. Sievers et al [29] , published reference diameters for the 2, 4 and 3-chamber views slightly lower than ours, probably due to the fact that they used prospective triggering, which yields lower values, as reported by the same authors [30] . Anderson et al [31] published that a LA area < 24 cm 2 and a depth < 5.8 cm included the upper 95 th percentile of the normal range. Therkelsen et al [32] obtained higher values in a small group of 19 volunteers, with a mean LA volume of 62 mL/m 2 . We observed that nearly all non-indexed 1D, 2D and 3D parameters were significantly higher in males, except for transverse diameters in the 2 and 4 chamber views and the anteroposterior diameter in the 3-chamber view, while these differences disappeared in most normalized parameters, though some of them even turned out to be higher in females. Hudsmith et al [28] also reported higher absolute LA volumes in males with similar ejection fraction between the two genders. Similarly, Sievers et al observed higher diameters in the 2 and 4-chamber views in males with no differences in the anteroposterior diameter [29] .
With respect to age, we found no differences in LA volume with increasing age in this group of healthy, normotensive individuals, and only six 1D and 2D parameters showed significant differences: absolute and normalized transverse diameter in the 2-chamber view and absolute and normalized anteroposterior diameter and area the 3-chamber view. This finding is in accord with previous reports [33, 34] and could indicate that age causes a certain degree of atrial remodeling without significant atrial dilatation. The LA is exposed to left ventricular diastolic pressure and, because of its thin walls, tends to dilate when pressure increases. Our healthy population was normotensive, with no signs of coronary artery disease, cardiomyopathy -the main causes of significant diastolic dysfunction -or valvular heart disease. Thus, our aged healthy volunteers were very likely to have just a mild degree of diastolic dysfunction, the socalled stage 1, with no increased filling pressures and no concomitant LA dilatation. Diastolic function parameters derived from ventricular time-volume curves in this healthy population have been published elsewhere [21] . Concordantly, Thomas et al [35] measured LA volume by 3D echocardiography in 92 healthy subjects and found that normal aging does not increase LA size. Sievers et al [29] compared volunteers less than 50 years with those over that age and observed no significant differences. Germans et al [36] , comparing 19 healthy subjects between 20-40 years versus another 19 between 40-65 years, found that maximum LA volume tended to be larger in the older group, but this difference did not reach statistical significance. They obtained values for LA volume slightly higher than ours, approximately 50 ± 7 mL/m 2 . Of note, they excluded subjects with hypertension defined as systolic blood pressure ≥160 mmHg and/or diastolic blood pressure ≥90 mmHg, which means that subjects with mild hypertension could have been included who had higher LA volumes.
Comparison with echocardiographic studies and other imaging techniques
Since CMR does not require for geometric assumptions to measure LA volume and allows inclusion of the LA appendage into the volume measurement, LA volume measured by retrogated CMR is said to be larger than the reference values obtained with 1D and 2D echocardiography, mainly by the area-length, Simpson's and prolate ellipsoid methods. Ukino et al [37] reported reference LA volumes that ranged from 39 ± 14 mL/m 2 by the area-length method to 32 ± 14 mL/m 2 by the prolate-ellipsoid method, smaller than our values. Currently, 3D echo is the preferred echocardiographic technique for measuring LA volume because of its higher accuracy. Keller et al [38] showed that 3D echo had the highest correlation and lowest bias compared to CMR, with a mild underestimation of volume of 5.3 mL. Artang et al [39] have recently found a systematic underestimation of LA volumes with 3D echo when compared to CMR, of 15-20 mL, that could be due to the higher spatial resolution of CMR which permits more accurate border detection and better delineation of volumes within the trabeculae. Also, the lower temporal resolution of 3D echo may account for these differences.
Cardiac computed tomography (CCT) has also been used to measure LA volume, with published reference values higher than the ones reported in our study. Lin et al [40] measured LA volume with CCT in 103 healthy normotensive volunteers and obtained a reference value of 102 ± 48 mL. Likewise, Mahabadi et al [41] studied 96 patients in whom mean LA volume was 90 ± 25 mL. The reason for this disparity of results might be the characteristics of the patients recruited, as the ones in the study from Mahabadi were a subset of the Rule Out Myocardial Infarction using Computer Assisted Tomography trial.
Predictors of LA enlargement and estimators of LA volume
Though measurement of LA volume is desirable, it may be too time-consuming for daily clinical practice. Therefore, 1D and 2D parameters might be a valuable tool to assess LA size. The best independent indicators of LA enlargement in our study were an area > 15 cm 2 /m 2 and a transverse diameter > 2.8 cm/m 2 in the 4-chamber view. In the study by Anderson et al [31] , an absolute LA area < 24 cm 2 and depth < 5.8 cm were the parameters that best distinguished normal from abnormal atria. With respect to LA volume estimators, we found that the best method included measurement of area in the 3 and 4-chamber views, transverse diameter in the 2 and 4-chamber views and the anteroposterior diameter. We correlated real volume with estimated volumes derived from this method and from the traditionally used biplane area-length and prolate ellipsoid methods. All of them correlated well but caused a significant underestimation of LA volume, with the worse accuracy found for the prolate ellipsoid method (mean difference of 50 ± 32 mL). Some studies have also compared methods of volume estimation with real volumes, with different results. Sievers et al [42] compared, in a group of 15 healthy subjects, the biplane area-length method with real volume, showing that the biplane arealength method caused a significant overestimation. An echocardiographic study by Badano et al [43] that sought to assess how many patients would be misclassified using M-mode or 2D estimates of LA size instead of real LA volume, showed that both 1D and 2D parameters were poor predictors of LA volume, especially in enlarged atria. Like the single plane area-length method, the prolate-ellipsoid method assumes an ellipsoid geometry for the LA but systematically calculates smaller volumes than the biplane methods, which stems from any error with the section of the 3 pairs of coordinates creating a large difference in the volume measurement. The biplane methods require planimetry from 2 orthogonal planes and any single error in tracing the endocardium is more forgiving because it is only 1 point among multiple points used for such tracing. Even the wellvalidated biplane methods have been shown to systematically underestimate LA volume when compared with MRI or CCT [44] .
Conclusions
Atrial dimensions vary mainly by body surface area, with lesser effects of gender and age. Identification particularly of early abnormality requires reference ranges which normalize for all 3 variables. These ranges are supplied with this report in both tabular and graphical form and are of significant clinical and research utility for the interpretation of CMR studies. Also, best predictors of LA enlargement are provided. 
